A new mixed ligand copper(II) complex, [Cu(2,4-pydc)(pic)(H 2 O)] · H 2 O (1) (where 2,4-pydc = pyridine-2,4-dicarboxylate, pic = 2-picolylamine) has been synthesized and characterized by elemental analysis, FT-IR and UV-Vis spectroscopic and thermogravimetric methods. Single crystal X-ray diffraction analysis reveals that copper(II) atom in the title complex adopts distorted square-pyramidal geometry. Structural characterization also reveals that interplay of O-H···O, N-H···O, C-H···O, and C-H···π interactions between lattice and coordinated water and ligands significantly contribute to the crystal packing leading to the formation and strengthening of three dimensional supramolecular assembly. Hirshfeld surface analysis employing 3D molecular surface contours and 2D fingerprint plots have been used to analyze intermolecular interactions present in the solid state of the crystal.
Introduction
Metal-organic coordination compounds based on aromatic multicaboxylic acid have been studied extensively due to their interesting geometrical and topological features along with their potential applications in many areas including gas storage, separation, catalysis, magnetism and optics. 1 The nature of the metal ions, selection of the appropriate aromatic multicarboxylic acid, and modulation of the reaction conditions are the important factors to achieve a desire target compound with specified physical properties. 2 Among various aromatic multicarboxylic acids, the class constituting N-heterocyclic multicarboxylic acids such as pyridine-, pyrazine-, and pyrazole-polycarboxylic acids and/or their derivatives [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have been extensively employed for their simultaneous chelating capability and diverse coordination abilities. In this regard, pyridine-2,4-dicarboxylate ligand demands special attention not only for both the carboxylate group and nitrogen atom but also for not providing steric hindrance, which makes it versatile for the formation of novel metal-organic frameworks. 1 However, the introduction of nitrogen-con-taining neutral organic spacers containing two or more pyridyl groups separated by rigid or flexible spacers, such as 4,4'-bipyridine, 1,2-bis(4'-pyridyl)ethane/ethene, 1,2-bis(4'-pyridyl)propane etc. have been used to generate an affluent variety of metal organic architectures. [13] [14] [15] [16] On the other hand, introduction of nitrogen-containing organic blocker containing two nitrogen atoms such as 2,2'-bipyridine, 17 1,10-phenanthroline, 2, 18 and N,N,N',N'',N''-pentamethylethylenetriamine 16 etc, have often been used to achieve restricted structures. Thus, demonstration of the auxiliary co-ligand plays an important role in determining the final architectures.
Moreover, due to the presence of various nitrogen and oxygen atoms and rich aromatic backbone, N-heterocyclic multicarboxylic acids often act as molecular building block for self-assembly through various intermolecular interactions as hydrogen bonding, π-π stacking, etc. [19] [20] [21] Analysis of these interactions is important to understand how molecules interact with their direct environment and focus insight into crystal packing behavior. Hirshfeld surface based tools appear as a novel approach to this problem. [22] [23] [24] [25] [26] [27] The central element in this method is Shit et al.: Synthesis, Crystal structure, and Hirshfeld Surface ... the derivation of the Hirshfeld surface, an immediately interpretable visualization of a molecule within its environment, and the decomposition of this surface to provide a šmolecular fingerprint'-a directly accessible 2D map 22, 28, 29 that provides the full distribution of interactions. The former, in addition to being an invaluable visualization tool, provides a basis for quantitative analysis of molecular properties for comparison with bulk measurement while the latter allows convenient comparison between molecules in different environments. 20 Herein we have reported a new mixed ligand copper(II) coordination complex [Cu(2,4-pydc)(pic)(H 2 O)] · H 2 O (1), derived from 2,4-pydc and a neutral N,N-donor pyridyl blocker, 2-pycolylamine (pic), and characterized by elemental analyses, FT-IR and UV-Vis spectroscopic, and thermogravimetric methods. Single crystal X-ray structural analysis of 1 reveals five coordinated distorted square-pyramidal geometry for copper(II) atom. The molecular unit is involved in extensive hydrogen bonding to each other leading to interesting supramolecular structures which are further stabilized by weak C-H···π interaction. Hirshfeld surface analysis is used to analyze the intermolecular interactions present in the solid state of the compound.
Experimental Section

1. Materials and Instrumentations
All chemicals and solvents used for the synthesis were of AR grade. Triethylamine, copper(II) nitrate trihydrate, were obtained from E. Merck, India. Pyridine-2,4dicarboxylic acid and 2-picolylamine (2-aminomethylpyridine) were purchased from Aldrich Chemical Co. All chemicals were used without further purification. Elemental analyses (carbon, hydrogen and nitrogen) were performed with a Perkin Elmer 2400 II Elemental Analyser. Copper(II) content of 1 has been estimated quantitatively by standard iodometric procedure. The Fourier transform infrared spectrum was recorded on a Perkin Elmer RX-I FT-IR spectrophotometer, with solid KBr disc, in the range 4000-400 cm -1 . Solid state UV-Vis spectrum of the title complex was recorded on a Perkin Elmer Lambda 35 UV-Vis system in the range 1100-200 nm. TG analysis was performed with a Perkin-Elmer (Singapore) Pyris Diamond TGA unit. Thermal study was performed at the temperature range 35-800 °C by maintaining the heating rate at 5 °C min -1 in a stream of nitrogen flowing at the rate of 50 mL min -1 with the sample in a platinum crucible. Powder X-ray diffraction was performed on a Bruker D8 instrument with Cu-Kα radiation.
Synthesis of [ [Cu(2,4-pydc)(pic)(H 2 O)] ] · H 2 O (1)
Pyridine-2,4-dicarboxylic acid (1.0 mmol, 0.167 g) was dissolved in 25 mL of water with the dropwise addi-tion of triethylamine (2.0 mmol, 0.105 g). To the resulting solution a methanolic solution (20 mL) of copper(II) nitrate trihydrate (1.0 mmol, 0.242 g) was slowly added with constant stirring. After 10 minutes, a methanolic solution (10 mL) of 2-picolylamine (1.0 mmol, 0.180 g,) was added dropwise. The pH of the mixture was adjusted to ∼7-8. The resulting solution was refluxed for 1 hour and then filtered. The filtrate was left undisturbed. Blue plate shaped crystals of 1 suitable for X-ray diffraction were obtained after five days. Yield: 84% with respect to the metal substrate. C 13 
3. X-ray Crystallography
Diffraction quality, air stable, plate shaped blue crystal of 1 was mounted on Bruker SMART APEX CCD diffractometer equipped with fine focus sealed tube graphite-monochromator bearing molybdenum target (λ MoKα = 0.71073 Å). Crystal data for 1 were collected using Bruker SMART software 30 at 100(2) K using ω scan technique. Cell refinement for 1 was carried out using Bruker SMART program. 31 No significant intensity variations were observed during the data collection. Multi-scan absorption correction was applied to the intensity values (T max = 0.7259, T min = 0.5611) empirically using SAD-ABS. 31 Data reduction for 1 were performed using Bruker SAINT. 32 Crystal structure of 1 was solved by direct met- 
hods using the program SHELXS-97 33 and refined with full-matrix least-squares based on F 2 using SHELXL-97. 33 The non-hydrogen atoms were refined with anisotropic displacement parameters. Water hydrogen atoms were treated freely while all other hydrogen atoms were first located in the Fourier difference map, then positioned geometrically and allowed to ride on their respective parent atoms and refined with isotropic thermal parameters. The molecular graphics and crystallographic illustrations were prepared using ORTEP 34 and Bruker SHELXTL. 35 Details concerning crystal data and refinement parameters for 1 are summarized in Table 1 .
4. Hirshfeld Surfaces Calculations
Hirshfeld surface analysis serves as a powerful tool for gaining additional insight into the intermolecular interaction of molecular crystals. The size and shape of Hirshfeld surface allows the qualitative and quantitative investigation and visualization of intermolecular close contacts in molecular crystals. 36 The Hirshfeld surface enclosing a molecule is defined by a set of points in 3D space where the contribution to the electron density from the molecule of interest is equal to the contribution from all other molecules. Molecular Hirshfeld surfaces are constructed based on electron distribution calculated as the sum of spherical atom electron densities. 24, 37 Thus, an isosurface is obtained, and for each point of the isosurface two distances can be defined: d e , the distance from the point to the nearest atom outside to the surface, and d i , the distance to the nearest atom inside to the surface. Moreover, the identification of the regions of particular importance to intermolecular interactions is obtained by mapping normalized contact distance (d norm ), expressed as: d norm = (d i -r i vdw )/r i vdw + (d e -r e vdw )/r e vdw ; where r i vdw and r e vdw are the van der Waals radii of the atoms. 23 The value of d norm is negative or positive when intermolecular contacts are shorter or longer than r vdw , respectively. Graphical plots of the molecular Hirshfeld surfaces mapped with d norm employ the red-white-blue colour scheme where red colour indicates the shorter intermolecular contacts, white colour shows the contacts around the r vdW separation, and blue colour is used to indicate the longer contact distances. Because of the symmetry between d e and d i in the expression for d norm , where two Hirshfeld surfaces touch, both will display a red spot identical in colour intensity as well as size and shape. 38 The combination of d e and d i in the form of a 2D fingerprint plot provides summary of intermolecular contacts in the crystal and are in complement to the Hirshfeld surfaces. 22 Such plots provide information about the intermolecular interactions in the immediate environment of each molecule in the asymmetric unit. Moreover, the close contacts between particular atom types can be highlighted in so-called resolved fingerprint plots, 23 which allows the facile assignment of an intermolecular contact to a certain type of interaction and quantitatively summarize the nature and type of intermolecular contacts. Two additional coloured properties (shape index and curvedness) based on the local curvature of the surface can also be specified. 39 The Hirshfeld surfaces are mapped with d norm , shape-index, curvedness and 2D fingerprint plots (full and resolved) presented in this paper were generated using Crystal-Explorer 3.1. 40
Results and Discussion
1. FT-IR Spectra
The FT-IR spectrum of 1 shows a broad band centered around 3424 cm -1 assignable to υ − str (O-H) vibration of coordinated and/or lattice water. 16 The observed position of υ − str (O-H) vibration indicates that lattice and coordinated water molecules are involved in hydrogen bonding which is confirmed by X-ray structure determination of the complex. The characteristic band corresponds to carboxyl stretching of free 2,4-pydc (appears at 1708 cm -1 in the spectrum of the pyridine-2,4-dicarboxylic acid) is absent in the spectrum of 1 indicatingd its coordination to the metal. The υ − asym (COO -) stretching vibration of the carboxylate group appears as two strong bands at 1651 and 1605 cm -1 . The υ − sym (COO -) stretching vibration of the carboxylate group for 1 appears as single strong band at 1367 cm -1 . The difference in wavenumber (Δυ − ) between the asymmetric and symmetric vibrations are greater than 200 cm -1 (284 and 238 cm -1 for 1), indicating that carboxylate group adopts unidentate coordination to the metal ion. 2, 41 The splitting of asymmetric stretching vibration to two well separated bands also indicates altogether different behavior of the carboxylate group. 2 These suppositions are verified by structural analysis of the complex which reveal that one carboxylate group chelates the metal in a unidentate manner while the other craboxylate group remains uncoordinated. Several strong bands observed in the range 2914-3318 cm -1 may be assigned to υ − (N-H) stretching vibration of NH 2 group (Supplementary Information: Figure S1 ). 42 
2. UV-Visible Spectra
Solid-state electronic spectrum of the title complex is recorded at room temperature in the wavelength 1100-200 nm. Spectrum of 1 (Supplementary Information: Figure S2 ) shows two strong bands at 266 and 288 nm corresponding to π→π * transition of the coordinated ligands. A shoulder band around 369 nm corresponds to the n→π * transition of the coordinated ligand is also observed in the spectrum of 1. In addition, a low intensity broad band centered around 610 nm is observed in the spectrum of 1 which is attributed to the d→d transition of the copper(II) atom with distorted square-pyramidal geometry.
Crystal Structure
An ORTEP view of 1 with atom labels is shown in Figure 1 . Asymmetric unit of 1 consists of a copper(II) atom, a neutral ligand (pic), a dianionic ligand (2,4-pydc) and two water molecules.
Copper(II) ion is bis chelated by both pic and 2,4pydc and a water molecule is coordinated in monodentate fashion. Thus, copper(II) ion is five coordinated and the geometry is best described as distorted square-pyramid where two basal coordination sites are occupied by one pyridine nitrogen (N2) and primary aliphatic amine nitrogen (N3) of the chelating pic ligand while the other two basal coordination sites are satisfied by pyridine nitrogen (N1) and one oxygen atom (O2) of the ortho-positioned carboxylate group of the 2,4-pydc. The apex position of the square-pyramid is occupied by oxygen atom (O1) of the coordinated water. The basal Cu1-N(pyridine) bond distances vary in the range 1.991(3)-1.989(3)Å while the other basal and apical Cu1-O bond distances vary in the range 1.970(2)-2.244(2)Å. The trans basal angles (vary in the range 164.87(10)-176.84(10)°) and cis angles (vary in the range 83.03(9)-101.10(9)°) deviate from their ideal values of 180° and 90°, respectively ( Table 2) .
The distorted square-pyramidal geometry of 1 is also evident from the relative deviation of metal ion from the mean-basal plane. The central Cu1 is slightly deviated from the mean basal plane (donor atoms: N1, O2, N2, and N3) towards apical oxygen (O1) by 0.261 Å. All donor atoms constructing the mean basal plane are coplanar within ± 0.131 Å. The Cu-N and Cu-O bond distances found for 1 are also very close to the similar complexes reported in the literature. 2, 3, 13, 16, 17 The distorted square pyramidal geometry of copper(II) ion is evidenced by the trigonal index τ = 0.1996. The value of the trigonal index τ is defined as the difference between the two largest donor-metal-donor angles divided by 60 to give a value of 0 for an ideal square pyramid and 1 for a trigonal bipyramid. 43 Crystal packing of 1 viewed along bc-plane ( Figure  2 ) reveals interesting hydrogen bonding. The complex contains several sufficiently electronegative centers capable of serving as proton donors/acceptors for the formation of several classical hydrogen bonds. These centers are mainly carboxylate oxygen atoms, amine nitrogen atoms, and the oxygen atoms of the coordinated and lattice water. Table 3 ). Figure 2 shows two different intermolecular hydrogen bond motifs, a chain and ring. The chain motif is mainly created by hydrogen bonds between lattice water and non-coordinated carboxylate oxygen. There are five different types of ring motifs. According to Etter's graph set notation, 17 they are designated as R 5 3 (12), R 3 3 (10), R 2 2 (18), R 4 4 (22), and R 3 3 (20) . The first ring motif involves non-coordinated carboxylate oxygen, amine hydrogen and lattice water molecule. The second ring motif involves lattice and coordinated water, amine hydrogen and non-coordinated carboxylate oxygen. The third ring motif involves coordinated water and non-coordinated carboxylate oxygen. The fourth ring motif involves amine hydrogen, lattice water and non-coordinated carboxylate oxygen while the fifth ring motif involves amine hydrogen, lattice and coordinated water and non-coordinated carboxylate oxygen. These hydrogen bonding is robust and lead to a three dimensional supramolecular structure which is further stabilized by C-H···O and C-H···π interactions ( Table 3) .
indicating atoms of the π-stacked molecule above them, and the blue triangles represent by convex regions indicating the ring atoms of the molecule inside the surfaces. The red triangles on the shape index mapping are referring to the C11-H11···π interaction with the contribution of 14.4% (Table 4 ) and the information conveyed by sha- 
4. Hirshfeld Surface Analyses
The Hirshfeld surfaces are unique for a particular crystal structure and its numbers also depend on the number of crystallographically independent molecules in the corresponding asymmetric unit. 44 The molecular Hirshfeld surface; d norm , shape index and curvedness for 1 is illustrated in Figures 3-5 , respectively, and mapped over d norm ranges -0.7145 to 1.1610 Å, shape index ranges -0.9954 to 0.9965 Å, and curvedness ranges -4.9685 to 0.4142 Å, respectively. The d norm mapping indicates that strong hydrogen bond interactions, such as O-H···O hydrogen bonding between coordinated/lattice water and carboxylato oxygen and N-H···O hydrogen bonding between amino group and lattice water oxygen or carboxylato oxygen, appear as primary interaction between the complexes, seen as a bright red area in the Hirshfeld surfaces ( Figure 3) .
The shape index is the most sensitive to very subtle changes in surface shape, the red triangles on them (above the plane of the molecule) represent by concave regions pe index is in agreement with the 2D fingerprint plot (Figure 6). 45, 46 The curvedness is a measure of the shape of the surface area of the molecule. The flat areas of the surface correspond to low values of curvedness, while sharp curvature areas correspond to high values of curvedness and usually tend to divide the surface into patches, indicating interactions between neighboring molecules. The large flat region which delineated by a blue outline refer to the π···π stacking interactions. The curvedness of the complex reveals that π···π stacking interaction is absent. 45, 46 The 2D fingerprint plots for 1 ( Figure 6) show that the intermolecular H···H, O-H···O, and C-H···π interactions are well dominated and are in complement to the Hirshfeld surfaces. The fingerprint plots can also be decomposed to highlight particular atoms pair close contacts 45 The decomposition of the fingerprint plots show that H-C/C-H contacts comprise 14.4% of the total Hirshfeld surface area for the molecule of 1. They correspond to all C-H···C interactions of which C-H···π appear in the fingerprint plot in a characteristic manner. The broad region bearing short and narrow spikes at the middle of plot is reflected as H···H interaction in 1 comprising 34.5% of the total Hirshfeld surfaces for 1. Apart from these above, the presence of N···H, C···O, N···O, O···O, C···C, H···M, O···M, and N···C interactions were observed, which are summarized in Table 4 . [46] [47] [48] 
5. Powder XRD Data
The experimental powder XRD pattern of the bulk product of the complex is in good agreement with the simulated XRD pattern obtained from single crystal X-ray diffraction, confirming phase purity of the bulk sample (Supplementary Information: Figure S3 ). The simulated pattern was calculated from the single crystal structural data (cif file) using the CCDC Mercury software.
6. Thermogravimetric Analysis
Thermogravimetric analysis (Supplementary Information: Figure S4 ) reveals thermal stabilities of the complex when heated in the temperature range 35-800°C in dynamic nitrogen atmosphere. TG curve for 1 reveals that the complex is thermally stable up to 105 °C. Then it undergoes a mass loss of ca. 9.62% (calcd. 9.66%) corresponds to the loss of both crystalline and coordinated water in the temperature range 105-200 °C. The dehydrated complex remains stable up to 226 °C. Thereafter it undergoes a continuous weight loss up to ca. 600 °C due to its decomposition. The mass loss of ca. 74.52% (calcd. 76.40%) corresponds well to the loss of the coordinated ligand. Dehydrated complex decomposes steadily in three steps, 226-252, 252-282, and 282-600 °C. No further weight loss is observed upon heating up to 800 °C.
Conclusion
In this paper we have reported the synthesis, characterization and crystal structure of a new coordination complex of copper(II) incorporating pyridine-2,4-dicarboxylate and 2-picolylamine. Structural characterization reveals that copper(II) atom adopts distorted square pyramidal geometry. Structural characterization also reveals that the primary structural motifs that constitute the backbone of the net supramolecular arrangement are dictated by hydrogen bonds whereas weaker H···H and C-H···π stacking interactions are found to govern the final solidstate packing, resulting 3D supramolecular structure. The molecular Hirshfeld surface and 2D fingerprint plots were used for quantitative mapping out these interactions.
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1. Appendix: Supplementary Materials
Crystallographic data for 1 reported in this paper have been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the depository numbers CCDC-1023872 (1) (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). 
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